Abstract VSH-1 is an unusual prophage-like gene transfer agent (GTA) that has been described in the intestinal spirochaete Brachyspira hyodysenteriae. The GTA does not self-propagate, but it assembles into a virus-like particle and transfers random 7.5 kb fragments of host DNA to other B. hyodysenteriae cells. To date the GTA VSH-1 has only been analysed in B.
Introduction
The genus Brachyspira currently includes seven named species of anaerobic spirochaetes, all of which colonize the large intestines of various species of animals and birds. The three main pathogenic species are Brachyspira hyodysenteriae, the aetiological agent of swine dysentery , Brachyspira pilosicoli an agent of "intestinal spirochaetosis" in various species, including pigs, chickens and humans (Hampson and Duhamel, 2006) , and Brachyspira intermedia which is an agent of intestinal spirochaetosis in birds (Hampson and Swayne, 2008) . B. hyodysenteriae and B. intermedia are closely related, and share many phenotypic characteristics, whilst B. pilosicoli is somewhat more distantly related to both species.
B. hyodysenteriae has been shown to contain an unusual prophage-like agent named VSH-1 (virus of Serpulina hyodysenteriae) that is involved in natural gene transfer and recombination within the species (Humphrey et al., 1997 and Matson et al., 2007) . This agent is in a state of permanent lysogeny and does not self-propagate, but assembles and transfers random 7.5 kb fragments of host DNA between B. hyodysenteriae cells (Matson et al., 2007) .
Analysis of VSH-1 in B. hyodysenteriae strain B204 has shown that it is located in a 16.3 kb region of the genome, and includes three "modules" or sets of operons of late function genes encoding the prophage capsid ("head"), tail, and elements involved in cell lysis, respectively (Matson et al., 2005) . These modules are arranged in the same transcriptional direction, and there are another seven open reading frames of unknown function (orfA through to orfG) dispersed through the modules. Expression and assembly of this agent can be induced in B.
hyodysenteriae cultures by treatment with mitomycin C (Humphrey et al., 1995) or exposure to certain antimicrobials (Stanton et al., 2008) . Similar bacteriophage-like particles that also resemble smaller versions of coliphage λ have been produced from cultures of Brachyspira innocens and B. pilosicoli following exposure to mitomycin C (Humphrey et al., 1995 and Calderaro et al., 1998) . To investigate the distribution of VSH-1 in other Brachyspira species a DNA probe for svp38, encoding a head protein of VSH-1, was applied to DNA from 27 spirochaete strains from six Brachyspira species (Stanton et al., 2003) . The gene was identified in all these, including strains of B. intermedia and B. pilosicoli. To date the full set of gene sequences of VSH-1 has only been investigated in B. hyodysenteriae strain B204 (Matson et al., 2005) . The aim of the current study was to investigate whether the VSH-1 genes described in B204 were present in the partially sequenced genomes of B.
hyodysenteriae strain WA1, B. intermedia strain HB60 and B. pilosicoli strain 95/1000.
Materials and methods

Gene identification
The availability in our laboratory of near-complete (∼90%) genomic sequences for B.
hyodysenteriae strain WA1 and B. pilosicoli strain 95/1000 has previously been described (Motro et al., 2008) . An approximately 85% complete genomic sequence of B. intermedia strain HB60, a pathogenic strain from a chicken (Hampson and McLaren, 1999) , recently has been generated for our laboratory in the same manner under a commercial contract with the Australian Genome Research Facility, University of Queensland (unpublished data). The sequence of the genomic region encoding the VSH-1 genes in B. hyodysenteriae strain B204 (Matson et al., 2005) was obtained from GenBank (accession number AY971355) and compared to the partial genome sequences of B. hyodysenteriae WA1, B. intermedia HB60 and B. pilosicoli 95/1000 using the BLASTx algorithm version 2.2.6 (Altschul et al., 1990) .
Matches were considered significant if there was greater than 30% sequence identity, 60% hit coverage (Konstantinidis and Tiedje, 2005) , and a minimum e-value of 10 −05
. These matches then were manually inspected.
Gene and protein comparisons
VSH-1 gene and protein sequences from B. hyodysenteriae strains B204 and WA1, B.
intermedia HB60 and B. pilosicoli 95/1000 were aligned using the CLUSTALW program version 1.83.1 (Thompson et al., 1994) , with default parameters. The alignments were assessed using the EMBOSS (Rice et al., 2000) program INFOALIGN, with the B204 sequence as the reference, and the percentage similarity derived from the percentage change value. For phylogenetic comparisons, the predicted nucleotide sequences for the 11 head, tail and lysis genes that were common to all four strains were concatenated using Vector NTI version 10 (http://www.invitrogen.com/) in the order found in B204, aligned using CLUSTALW and a phylogenetic tree constructed using MEGA4 (Tamura et al., 2007) .
Similarly the concatenated sequences of seven Brachyspira genes encoding conserved metabolic functions [alcohol dehydrogenase (adh), alkaline phosphatase (alp), esterase (est), glutamate dehydrogenase (gdh), glucose kinase (glpK), phosphoglucomutase (pgm) and acetyl-CoA acetyltransferase (thi)] that were previously used in a multilocus sequence typing study for the genus Brachyspira (Råsbäck et al., 2007) were compared across the four Brachyspira strains. The MLST loci sequences for B. hyodysenteriae B204 were obtained from the PubMLST database (http://pubmlst.org/) and the sequences for the other three strains were extracted from the genome sequences.
Results and discussion
Presence and distribution of core GTA genes All the 11 genes described by Matson et al. (2005) as encoding the head, tail and lysis elements of VSH-1 in B. hyodysenteriae B204 were found in B. hyodysenteriae WA1, B.
intermedia HB60 and B. pilosicoli 95/1000. The genes in WA1 and 95/1000 were contiguous, whilst those in HB60 were spread over four contigs so that they could not be accurately ordered. The arrangements of the genes in the strains are shown in Fig. 1 . In B204 the genes were ordered head, tail and lysis, and this order was conserved in B. hyodysenteriae WA1. In B. pilosicoli strain 95/1000 the gene sets were still modular, but rearranged in the order: tail, lysis, head and tail. The presence of such rearrangements is not surprising, as comparisons of physical genome maps made from B. hyodysenteriae and B. pilosicoli previously have been used to deduce that gene rearrangement are common between the two species, and have been important in shaping the genomes (Zuerner et al., 2004) . Data from multilocus enzyme electrophoresis studies also have suggested that both species are recombinant (Trott et al., 1997 and Trott et al., 1998) , and paradoxically it is thought that the recombination is strongly influenced by the activity of GTAs (Zuerner et al., 2004 and Matson et al., 2005) . In B.
intermedia HB60 the gene order could not be fully established, but the GTA genes on region 3 were flanked at both ends by long genomic regions, such that the full set of genes could not be contiguous ( Fig. 1 ). Individual modules in HB60 also showed differences in transcriptional orientation. Nevertheless, over the four genomes there was general conservation of GTA gene order, and this provided support for the suggestion that the sets of genes for the different elements form operons (Matson et al., 2005) . The sequence of the GTA regions in 95/1000, WA1 and the four regions in HB60 have been deposited in GenBank, with accession numbers FJ006931, FJ006932 and FJ006933 respectively.
Other differences between the GTA-associated genes in the four genomes were found. B.
intermedia had an addition hol gene (encoding an endolysin) that was not found associated with the other GTAs. If the gene is functional, this additional endolysin might enhance the escape of the assembled GTA from the host cells. Currently little is known about the cell walls of the various Brachyspira species, and whether additional endolysin activity would be advantageous in certain species.
Presence and distribution of other GTA-associated genes
Of the seven open reading frames (orfs) of unknown function originally described in B204
(orfA through to orfG; Fig. 1 ), only orfA, orfB and orf G were found in all four GTA sequences. This suggests that these three genes could be involved in the function of the GTAs. Previously it has been suggested that orfE could encode a tail protein (Matson et al., 2005) , although this orf was not found in 95/1000.
The GTA region in WA1 had another six predicted orfs of unknown function (no significant Blast results) that were not described in B204 by Matson et al. (2005) . These are labelled 1-6 on the WA1 GTA region sequence in Fig. 1 . Only orfs 5 and 6 were internal to the phage sequence modules, and are likely to be important to the GTA function. A reanalysis of the genome sequence in B204 (accession number AY971355), the strain in which VSH-1 was originally described, then identified all six of these new predicted orfs in the same positions and orientation as they were found in WA1. One difference was that only the 5′ end of orf2 was present in B204.
In comparison to the situation in the B. hyodysenteriae strains, B. pilosicoli 95/1000 had 3 and B. intermedia HB60 had 14 additional unique predicted orfs of unknown function associated with their GTA gene modules. The few significant matches that were found between the nucleotide sequences of these new predicted orfs in 95/1000, HB60 and WA1
are shown in Table 1 . Interestingly, in all three genomes, and that of B. hyodysenteriae B204, the orfs shown as match C in Table 1 were all located immediately between hvp24 (head protein gene) and hvp53 (tail protein gene), and they all overlapped with hvp24. This conservation and overlapping suggests that they may have some important role in the GTAs.
On the other hand, most of the other predicted orfs may have become associated with the GTAs simply due to background gene rearrangements, and may not be involved in GTA function.
Of the other five Brachyspira genes originally reported to be in the vicinity of VSH-1 in B204, trep, glt and oxd were found in the other three new strains, but mcpB and mcpC were only found in B. hyodysenteriae strain WA1. In B. pilosicoli 95/1000, trep, glt and oxd were not located in the vicinity of the GTA, but were present on a different contig. The identity of the predicted proteins encoded by these genes are "unknown", "amino acid transport" and "Fe-S oxidoreductase" respectively (Matson et al., 2005) , and they seem unlikely to be involved in the function of the GTAs. In 95/1000 they have probably been translocated from an original site adjacent to the ancestral contiguous set of GTA genes. Such rearrangements are likely to be strain specific, since it has been reported that glt mapped near to the GTA on a physical genome map of B. pilosicoli strain P43/6/78 T (Zuerner et al., 2004) .
Overview of similarities in nucleic acid and predicted protein sequences
A comparison of the similarities of the amino acid sequences of the individual gene products in the three new GTA sequences compared to those in B204 are shown in Table 2 . The relationships of the four GTAs to each other, as generated from concatenated nucleotide sequences of the genes, are depicted in Fig. 2 , panel A. These relationships mirrored the phylogeny of the four host Brachyspira strains as shown from the concatenated sequences of the seven conserved metabolic genes in the strains ( Fig. 2, panel B) , as well as the known phylogeny of the strains based on the sequences of the 16S rRNA genes ( Råsbäck et al., 2007) . As might be expected from agents that cannot be transmitted, it appears that the GTA genes are evolving at broadly similar rates as are the other conserved genes in the genomes of the different Brachyspira species in which they reside. On this basis the GTAs present in all Brachyspira spp. strains are likely to be different from each other. Consequently a modified nomenclature is required to help keep track of these diverse GTAs, and we suggest that the name for each should indicate the Brachyspira species and strain in which they reside. We propose that the two GTAs in the B. hyodysenteriae strains be designated GTA/Bh-B204 and GTA/Bh-WA1 respectively, where GTA/Bh stands for the gene transfer agent of B.
hyodysenteriae. Consistent with this nomenclature, the GTAs in the strains of B. intermedia and B. pilosicoli should be designated GTA/Bint-HB60 and GTA/Bp-95/1000, respectively.
Similarities in the GTA genes of B. hyodysenteriae B204 and WA1
In GTA/Bh-B204 and GTA/Bh-WA1 the sequences of most of the 11 head, tail and lysis genes and the six shared-genes of unknown function were very similar, and the products had similar predicted amino acid sequences (Table 2) . Exceptions were head protein Hvp13
(77.6% amino acid similarity) and tail protein Hvp101 (86.1% similarity). The product of orfA was also somewhat different (75.4% similarity). It is not known if all strains of B.
hyodysenteriae can exchange genetic information using these GTAs, and whether the existence of these variant forms of the agent potentially could influence the efficiency or direction of genetic exchange. These possibilities require further investigation, although monitoring the extent and direction of exchange of small (7.5 kb) random fragments of host DNA would be difficult. An important start has been made by the use of coumermycin resistance as a selection marker for monitoring the occurrence of GTA-associated gene transfer between B. hyodysenteriae strains ( Stanton et al., 2001 and Li et al., 2008 
Similarities with the GTA genes of B. intermedia HB60
The gene and protein sequences of the GTA in B. intermedia HB60 were generally quite similar to those in the two B. hyodysenteriae strains, as can be seen from Table 2 and Fig. 2A , and again this is a reflection of the close phylogenetic relationships of the two species.
Overall, most genes and proteins in the two B. hyodysenteriae strains were more similar to each other than they were to the corresponding genes and proteins in the B. intermedia strain, although head protein Hvp24 was identical in all three strains and therefore is likely to be an essential component. Another exception was head protein Hvp13 in HB60, which was more closely related to Hvp13 in B204 than the latter was to the protein in WA1. In this case, it is possible, for example, that hvp13 has been packaged in an assembled GTA and transmitted between the two species. Tail protein Hvp28 of HB60 only had 48.1% amino acid similarity to Hvp28 in the GTA of B204, and this difference might prevent the GTA from attaching to B. hyodysenteriae. Furthermore, although tail protein gene hvp101 shared 87.9% similarity to hvp101 in B204 in the 513 nucleotides at the N terminal end (85.4% similarity in 171 amino acid residues), it was truncated in B. intermedia at base position 513 such that over the full 2520 bp gene in B204, the gene in HB60 shared only 17.8% similarity. This suggests that the conserved N terminal end of the protein is important functionally or structurally in these GTAs, whilst the C terminal is not necessarily a core requirement.
Similarities with the GTA genes of B. pilosicoli 95/1000
The sequences of the GTA genes and proteins in B. pilosicoli strain 95/1000 were even more distantly related from those in B. hyodysenteriae B204, again consistent with their greater phylogenetic separation ( Table 2 and Fig. 2, panel A) . The tail proteins, which are likely to be involved in the phage attachment to Brachyspira cell envelope structures, were particularly different-and this does suggest that it is unlikely that this GTA could be transmitted to the other two Brachyspira species. Whilst the Hvp101 tail protein showed 56.3% similarity with the B. hyodysenteriae B204 homologue at the N-terminal region (residues 1-330), there was a substantial reduction in similarity to 29.4% at the C-terminal region (residues 331-801). This reduced similarity was due to numerous nucleotide deletions and insertions present between base positions 957-2403 of the hvp101 sequence of B.
pilosicoli 95/1000 (data not shown). Again if Hvp101 is involved in the specificity of transmission these differences are likely to be important in the process. Transmission experiments between strains of B. pilosicoli and with other Brachyspira species are needed to help understand these potential effects.
Conclusions
This study has shown that strains of three different Brachyspira species contain the 11 genes associated with the prophage-like gene transfer agent VSH-1 of B. hyodysenteriae. Some other predicted orfs of unknown function found associated with the GTA genes were shared by the four strains, and may have a functional role in the GTA. Further work is required to confirm the functionality of the GTAs, to determine their host range, and to investigate the significance of the differences between them. VSH-1 has been shown to be a valuable tool for genetic manipulation of B. hyodysenteriae ( Stanton et al., 2001 and Li et al., 2008) , and the GTAs from B. intermedia and B. pilosicoli have the potential to be used for similar purposes. 
